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WILLIAM HARVEY'S USE OF THE QUANTITATIVE METHOD*
In the extensive literature on the discovery of the concept of the circulation
of the blood appear many claims that various men other than William
Harvey (1578-1657) were the true discoverers. Bayon' discusses the case
for the following six: Andrea Cesalpino (1524-1603), Realdo Colombo
(1510-59), Helvicus Dietericus (1601-55), Galen (131-201), Paolo Sarpi
(1552-1623), and Walter Warren (d. 1640); in addition, there have been
claimants for Frangois Rabelais (1485-1553), Carlo Ruini (d. 1598), and
Michael Servetus (1509-53). Apparently, as a kind of hedge against fate
in the event that it turned out that someone else had discovered the circula-
tion earlier, some of Harvey's proponents have also attempted to establish
him as the "Father of Experimental Physiology," and others have sug-
gested that his introduction of quantitative methods into biology was more
important than his disclosure concerning the circulation.
There is no doubt that Harvey both developed and adequately demon-
strated his great concept of the function of the heart and the motion of the
blood. Historically, it is clear that the importance of Harvey's work was his
hypothesis of the circulation; his observations on the motion of the heart
and blood, while important, have had less subsequent effect on physiology
than his concept. Using symbolic logic, J. H. Woodger has arrived at the
same conclusion.! Harvey's concept has continued to be a fruitful one for
more than three centuries, and it still suggests investigations to be made.
There can also be no doubt that Harvey played an important r6le in re-
introducing experiment into seventeenth century biology; but it is most
* Presented before the Beaumont Club on 14 March 1952. This paper contains some
of the details on which I based my article on William Harvey in the Scientific
American, 1952, 186, 57. I am most grateful to Dr. John F. Fulton not only for sug-
gestions which have improved this paper, but more particularly for having aroused my
interest anew in historical matters, after seven years of inactivity in such fields, by
inviting me late in 1948 to discuss Harvey in his seminar on the history of the
circulation.
1Bayon, H. P.: William Harvey, physician and biologist: his precursors, opponents
and successors-Part V. Ann. Sci., 1939, 4, 352-371.
'Woodger, J. H.: Biology and language. Cambridge, University Press, 1952. pp.
45-49, 75-92. I am grateful to Mr. Rulon S. Wells, 3rd of the Yale University Depart-
ment of Philosophy for having brought Professor Woodger's interesting analysis to
my attention.
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doubtful that his use of the quantitative method was of as great importance
as his concept of the circulation. Although there were a dozen or more note-
worthy biological investigations involving quantitation in the seventeenth
and eighteenth centuries subsequent to Harvey, these uses of quantitative
method were not entirely the result of Harvey's work. Of equal and prob-
ably greater importance was the influence of Galileo (1564-1642) both
directly and indirectly through the writings of such men as Santorio
Santorio (1561-1636) and Giovanni Alphonso Borelli (1609-79). More-
over, biology in general did not become quantitative until the end of the
nineteenth century. For instance, Charles Darwin's Origin of Species
(1859) contains almost no quantitation, and it was typical that one of the
foremost investigators of biological inheritance, C. W. Nageli, should have
questioned Gregor Mendel as to whether or not his statistical work was
"'empirical rather than rational," the implication being that quantitative
work was of little value. Nevertheless, Harvey's excellent experimental
procedures certainly inspired some seventeenth century biologists to develop
his techniques.
Whence did Harvey obtain the idea of the experimental method? He had
two principal sources: one, the eminent work of Galen, the other, the new
tradition of experimental science which germinated in the thirteenth century
and flowered in the seventeenth in Western Christendom. Galen was per-
haps the greatest experimentalist in biology, certainly the greatest in Greek
science, which embodied little experimentation outside of biology. Harvey
knew of Galen's experiments, referred to them, and repeated some of them.8
The rational procedures of mathematics and logic, together with the empiri-
cal and quantitative methods of technology, strongly influenced the evolu-
tion of the new theory of experimental science which slowly came into being
in northern Europe during the thirteenth and fourteenth centuries.' Experi-
mental science reached its maturity in the next two centuries in Italy,
particularly at Padua' where Harvey studied medicine from 1598 to 1602.
Harvey was not the only experimentalist of the early seventeenth century;
there were many others, of whom Galileo (1564-1642) was the greatest.
Experimentation was in the air.
8 Harvey, William: Exercitatio anatomica de motu cordis et sanguinis in animalibus.
With an English translation and annotations by Chauncey D. Leake. Springfield, Ill.,
C. C Thomas, 1928. Passim. Unless otherwise noted, references to Harvey's celebrated
book are to Chauncey Leake's splendid translation.
' Crombie, A. C.: Robert Grosseteste and the origins of experimental science, 1100-
1700. Oxford, Clarendon Press, 1953.
'Randall, J. H.: The development of the scientific method in the school of Padua.
Journal of the History of Ideas, 1940, 1, 177-206.
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Most of the experiments in Harvey's De Motu Cordis are quite simple
but well-thought-out demonstrations involving ligating or severing blood
vessels, and the opening of the cardiac auricles and ventricles. One inter-
esting example of Harvey's use of Galen's techniques is his repetition of
one of Galen's experiments and his obtaining a different finding therefrom.
Galen had maintained that the walls of arteries transmitted the pulse from
the heart as the result of his having inserted a reed into an artery and then
drawing tight a ligature around that section of the artery containing the
reed.' Galen reported that before he drew up the noose, the artery beyond
the reed continued to pulse, but after he tightened the ligature, the pulse
stopped. From this observation, Galen concluded that the pulse was due to
a movement passing along the arterial wall and not to the blood within the
artery. Apparently, the blood clotted in the reed during the experiment or
Galen crushed the reed when he tightened the noose, thereby diminishing
the blood flow in the artery beyond the reed. This experiment is more com-
plex than most that Harvey did, and he had trouble with it. The first writ-
ten record of Harvey's discovery is in a 98-sheet notebook of lecture notes
which he prepared for his Lumleian Lectures in April, 1616; in these notes
he wrote ". . . Galeni experimentum de fistula Impossible."7 Twelve years
later in the Introduction to his De Motu Cordis he stated that he had not
done Galen's experiment and that he did not think it possible to do. How-
ever, by 1649, when Harvey published his Exercitatio Anatomica de Circu-
latione Sanguinis addressed to Jean Riolan, he had been able to repeat the
experiment at least to the extent of showing that there was a diminished
pulse beyond the tube when the ligature was tight.8
Among the many scientists whose work contributed to establishing
experimental biology, Harvey played an important role and appears to have
directly influenced some of the biologists who followed him. The clearest
indication of the consequence of Harvey's experimentation is in the work of
those who further investigated the circulation. Many of these men did new
experiments which were similar to Harvey's. For instance, Jan de Wale
(1604-49) of Leyden reported9 in a letter to Thomas Bartholin in October
1640 and first published in 1641 on the effect of ligating the pulmonary
vein. Wale found that the vein swelled on the side of the ligature away
6 Galen: An in arteriis natura sanguis contineatur. In Medicorum Graecorum opera
quae exstant. Edited by C. G. Kuhn, Leipsig, 1882. Vol. IV, pp. 733-734.
Harvey, William: Prelectiones anatomiae universalis. London, J. & A. Churchill,
1886. s. 79 recto.
8 Harvey, William: The circulation of the blood. New York, Dutton, 1923. pp. 134-
136. (This widely available Everyman's edition contains translations originally done
for the Sydenham Society in 1848 by Robert Willis.)
'Wale, Jan de: Epistolae duae. Lugd. Bat., 1647. pp. 39-40.
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from the heart and that it emptied between the ligature and the heart,
showing that the blood in the pulmonary veins flows from the lungs to the
heart. When Harvey published his De Motu Cordis in 1628 he did not
include any new experimental work on the pulmonary transit which
Michael Servetus had so clearly described in his Christianismi Restitutio
(1553). Servetus' work was unknown during Harvey's lifetime because the
Calvinists destroyed most of the copies of it when they burned Servetus at
the stake in 1553, but Realdo Colombo had also reported his apparently
independent discovery of the transit in his De Re Anatomica (1559), three
years after one of his students, Juan Valverde, had published his professor's
investigations in his HistoriadelaComposicion delCuerpo Humano (1556).
Harvey's arguments for the pulmonary transit in Chapters VI and VII of
his De Motu Cordis are based largely on Colombo's work to which he
added some comparative anatomical evidence of his own. However, in his
second letter to Jean Riolan he described new work on the pulmonary
transit, and one of the new experiments is similar to Wale's,10 whose work
he knew about.'
The French physician, Jean Pecquet (1622-74), who discovered the
thoracic duct, made, among other experiments, some on the pulmonary
transit.' The relatively little known Henry Power (1623-68) of Halifax
and New Hall performed various physiological experiments, including one
which showed that blood did not pass through the interventricular septum
in accordance with the Galenic scheme. Power cut off the left ventricle of a
living "dogge" and observed that the contractions of the right ventricle did
not ". . . squeese any blood through the septum.""8 Richard Lower (1631-
91) did many experiments described in his Tractatus de Corde (1669)
which are in the tradition of Harveian experimental biology. In addition to
Wale, Pecquet, Power, and Lower, there were numerous others whose
work Harvey influenced, but the experiments of these four not only are
good examples of the influence exerted by Harvey's work but also show
that his methods were being used by Dutch and French investigators as
well as by physicians in England outside of London. Although it is not
correct to imply that Harvey invented or, as the case may be, begot expen-
mental physiology by calling him the "Father" thereof, he nevertheless
0Harvey: Op. cit. (note 7), pp. 164-165.
'LIbid., p. 114.
12 Pecquet, Jean: Experimenta nova anatomica ... Eivsdem dissertatio anatomica de
circulatione sangvinis, et chyli motu. Paris, 1651. pp. 34-35.
' Rolleston, Humphrey: The reception of Harvey's doctrine of the circulation of the
blood in England as exhibited in the writings of two contemporaries. In Essays on the
history of mnedicine, presented to Karl Sudhoff on the occasion of his seventieth birth-
day. London, Oxford University Press, 1924. p. 252.
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contributed much to the rise of the experimental attitude in the seventeenth
century.
Harvey wrote out his most complete quantitative arguments in Chapter
IX of his De Motu Cordis; the preceding portion of the book contains
introductory sections, four chapters analyzing the motion and function of
the heart, two on the pulmonary transit, and one, Chapter VIII, on his con-
cept of the general circulation; he begins Chapter IX by setting forth the
following three propositions by which he intended to prove and thereby
demonstrate the circulation:
First, blood is constantly being transmitted from the vena cava to the arteries by the
heart beat in such amounts that it cannot be furnished by the food consumed, and in
such a way that the total quantity must pass through the heart in a short time.
Second, blood is forced by the pulse in the arteries continually and steadily to every
part of the body in a much greater amount than is needed for nutrition or than the
whole mass of food could supply.
And likewise third, the veins continually return this blood from every part of the
body to the heart."
In other words, Harvey proposed to show (i) that the heart pumped the
total amount of blood in a relatively brief time, and that the amount of
blood going through the pulmonary transit was so great that the ingested
food could not possibly supply it as called for by the then current Galenic
concept of the origin and motion of the blood; (ii) that the heart sends
blood out through the systemic arteries in much larger quantities than
either the body uses for its nutrition or, once again, food can supply; and
(iii) that the blood in veins flows only toward the heart and not also away
from it as the Galenic theory would have it.
Having stated that the proof of these propositions will make it obvious
that blood circulates, Harvey next presented his quantitative arguments
showing that the quantity of blood passing through the pulmonary transit is
so great that it cannot be produced from the ingested food. The following
translation is essentially that of Chauncey Leake with a few changes to
make it more literal; it is the only section of Harvey's book that contains
specific measurements.
Let us suppose, by reflection or by experiment, that the left ventricle of the heart
when filled in diastole, contains either two ounces or three ounces or an ounce and a
half.' In a cadaver I have found it holding more than two ounces.
14 Harvey: Op. cit. (note 2), p. 73.
15 All weights are Apothecaries' weight.
3 scruples = 1 dram
8 drams = 1 ounce
12 ounces = 1 pound
1 scruple = 1.296 g.
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Likewise let us suppose how much less the ventricle contains when the heart
contracts or how much blood it forces into the great artery with each contraction, for,
during systole, everyone will admit something is always forced out as shown in
Chapter III, and apparent from the structure of the valves. As a reasonable conjecture
suppose a fourth, fifth, sixth, or at least an eighth part is passed into the arteries.
Then we may suppose in man that a single beat would force out6 either a half
ounce, three drams, or even one dram of blood, which because of the valvular block,
could not flow back into the heart.
The heart makes more than a thousand beats in a half hour, in some two, three, or
even four thousand. Multiplying by the drams, there will be in half an hour either
3,000 drams, 2,000 drams, 500 ounces, or some other such proportionate amount of
blood forced into the arteries by the heart, but always a greater quantity than is
present in the whole. Likewise in a sheep or a dog, suppose one scruple goes out with
each stroke of the heart, then in half an hour 1,000 scruples or about three and a half
pounds of blood would pass through the heart.1 But as I have determined in the sheep,
the whole body does not contain more than four pounds of blood.
On this assumption of the passage of blood, made as a basis for argument, and from
the estimation of the pulse rate, it is apparent that the entire quantity of blood passes
from the veins to the arteries through the heart, and likewise through the lungs.
But suppose this would not occur in half an hour, but rather in an hour, or even in
a day, it is still clear that more blood continually flows through the heart than can be
supplied by the digested food or be held in the veins at any one time.
It cannot be said that the heart in contracting sometimes propels and sometimes
doesn't, or that it propels a mere nothing or something imaginary. This point has been
settled previously, and besides, it is contrary to common sense. If the ventricles must
be filled with blood in cardiac dilation, something must always be pushed out in con-
traction, since the passages are not small nor the contractions few. This quantity
expelled is some proportion of the contents of the ventricle, a third, a sixth, or an
eighth, and an equivalent amount of blood must fill it up in diastole, so that there is a
relation between the ventricular capacity in contraction and in dilation. Since the
ventricles in dilating do not become filled with nothing, or with something imaginary,
so in contracting they never expel nothing or something imaginary, but always blood
in an amount proportionate to the contraction. So it may be concluded that if the heart
in a single beat in man, sheep, or ox sends forth one dram, and there are 1,000 beats
in half an hour, the total amount transmitted in that time would be 10 pounds 5
ounces; if two drams at a single stroke, then 20 pounds 10 ounces; if half an ounce,
then 41 pounds 8 ounces; if one ounce, then a total of 83 pounds 4 ounces, all of which
would be transferred from the veins to the arteries in half an hour.
In the first part of this section, Harvey used the contents of the left
ventricle to make his basic assumption as to the amount of blood which the
right ventricle ejects for passage through the pulmonary transit. He does
not explain why he uses the capacity of the left ventricle instead of the
right. It may be, however, that since he had already discussed the pul-
16Willis gratuitously inserted "into the aorta" at these two points. See Harvey, Op.
cit. (note 7), p. 59.
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monary transit in Chapters VI and VII, he used the weight of the contents
of the left ventricle as being the quantity of blood which had passed through
the transit or, as he would have put it, from the veins to the arteries. His
use of the left ventricle has caused confusion amongst some of Harvey's
interpreters who have presented this section as demonstrating the systemic
transit, and it is probably the reason for Willis having twice inserted the
phrase "into the aorta" in his translation which was the standard English
translation until Dr. Leake's in 1928.
To make his calculation of the amount of blood flowing through the pul-
monary transit, Harvey had to measure the pulse rate and the amount of
blood which the heart ejects with each beat; the pulse is easy to measure,
but even the most modern procedures for measuring cardiac output give
results which vary as much as 25 per cent. According to Aubrey, Harvey's
brief biographer, Harvey while dying gave one of his nephews the minute
watch which he had used in his experiments.'7 Although he mentions pulse
rates of 33, 67, 100, and 133 per minute, he used a rate of 33 in the only
calculation in which he specifically mentioned man. It is obvious from this
that he did not use his minute watch to make this measurement, and it is
apparent from his lumping together "man, sheep or ox," all with a pulse of
33, which is reasonably correct for an ox but only half the correct figure
for man or sheep, either that he did not take the trouble to measure their
pulse rates, or that he was not particularly concerned about using the
correct rate. Of the two alternatives, the latter is the more likely.
When it came to measuring cardiac output, Harvey was obliged to guess
at a measurement which has not yet been accurately determined, but he
might have been more accurate than he was. The only two specific measure-
ments of the weight of blood that he records are the "more than two
ounces" he found in the left ventricle of a cadaver and the "not . . . more
than four pounds," which he obtained by exsanguinating a sheep. This
figure of four pounds is, of course, low, because by using the rudimentary
techniques available to him, he could not have drawn off all the blood. His
estimates of the stroke volume as being either 4, Y5, 6, or 8 of the
ventricular content are sheer guesses. Although it would have been impossi-
ble for Harvey to arrive at an approximately accurate value of the cardiac
output in man, he could have done much better in the case of sheep. If he
had severed the aorta of a sheep and had weighed the amount of blood
ejected during 10 or 20 heart beats, he could have obtained a fairly accurate
figure for the stroke volume. Presumably, he never made this observation
"Aubrey, John: Aubrey's brief lives. London, Secker and Warburg, 1949. p. 132.
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or one similar to it, such as Richard Lower's discussed below, because he
did not feel that he had to be particularly accurate.
This conclusion is reinforced by an inspection of Table 1, which gives all
the possible values for stroke volume in man based on Harvey's assumed
values of ventricular capacity and proportion of contents ejected by each
contraction. It should be noted that one dram is not one of the possible
TABLE 1. POSSIBLE VALUES FOR STROKE VOLUME IN MAN BASED ON
HARVEY'S ASSUMPTIONS
Estimated contents
of left heart
1.5 oz.
1.5 oz.
1.5 oz.
1.5 oz.
1.5 oz.
2 oz.
2 oz.
2 oz.
2 oz.
2 oz.
3 oz.
3 oz.
3 oz.
3 oz.
3 oz.
Proportion of contents
ejected
by each contraction
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
Y8
/6
Y5
3/4
'/3
'8
'6
'5
/4
A/
'8
'6
/5
'4
A/
Weight of blood ejected by
each contraction*
1.5 dr.
2 dr.
2.4 dr.
3 dr.
4 dr.
2 dr.
2.67 dr.
3.2 dr.
4 dr.
5.33 dr.
3 dr.
4 dr.
4.8 dr.
6 dr.
1 oz.
*All values are apothecaries' weight.
values, yet Harvey used it in his first and third calculation. Either he did
not do the arithmetic in Table 1, or he merely rounded off one and a half
drams to one dram. Moreover, he included sheep in his second and third
calculations and employed variously a cardiac output of one scruple (1.3g),
one dram (3.9g), two drams (7.8g), half an ounce (15.6g), and one ounce
(31.1g). Certainly Harvey was not concerned with accurate measurement.
Harvey concluded Chapter IX by writing that he would next discuss
anastomosis between veins and arteries, "but he doesn't" as Chauncey
Leake pointed out in a footnote. However, Harvey did write about anastom-
sis in the first paragraph of Chapter XI so it seems clear that he inserted
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Chapter X after having written what is now XI to follow IX. Someone had
apparently raised an objection to his idea of the circulation by claiming that
the blood flowed out of the body in the form of other fluids such as milk
from mammals. In the new chapter Harvey answered this criticism by say-
ing that by computation the heart pumps in an hour or less more than all
the milk produced in a day, but he did not do any computation.
Chapters XI and XII are devoted to the proof of the second proposition
that the ". . . blood is forced by the pulse in the arteries continually and
steadily to every part of the body in a much greater amount than is needed
for nutrition or than the whole mass of the food could supply." Actually,
Chapter XI consists almost entirely of descriptions of his well-known ex-
periments using ligatures on limbs to show that the blood passes from the
arteries to the veins. In a sense, most of the chapter deals with anastomosis,
but there is no quantitative work in it. One paragraph of Chapter XII,
however, does contain quantitative arguments for the systemic transit.
Harvey wrote
. . . we may very readily compute the amount of blood and come to some conclusion
on its circular motion. If, for instance, in phlebotomy, one were to let the blood flow
with its usual force and rate for a half hour, there is no doubt but that the greater
part of it would be drained off, practically emptying not only arteries but also the
great veins, and that fainting and syncope would follow. It is reasonable to assume
that as great an amount of blood as is lost in this half hour's time, passed from the
great veins through the heart to the aorta. Further, if you figure how many ounces of
blood flow through a single arm, or pass under a medium bandage in twenty or thirty
heart-beats, you will have a basis for estimating how much flows through the other
arm in the same time, or through both sides of the neck, or through both legs, and
through all the other arteries and veins of the body. Since all these are continually
supplied with fresh blood, which must flow through the lungs and ventricles of the
heart, from the veins, it must be accomplished in a circuit, since the amount involved
is much more than can be furnished from the food consumed, or than is needed for
the nourishment of the parts.
Harvey did not make the suggested computation, and the statement hardly
seems adequate as a quantitative demonstration of the systemic transit.
Although he made measurements, albeit not precise ones, to prove the
demonstration of the pulmonary transit, Harvey made no measurements to
prove quantitatively the systemic transit.
His third proposition Harvey proved in Chapter XIII by using his
excellent demonstration of the valves in the veins and of the direction of
the blood flow in veins. At the end of the chapter he produced another
quantitative argument much like that in Chapter XII. After directing the
reader to expel the blood from the section of a vein between two valves, to
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allow the section to refill and to repeat the procedure ". . . a thousand times
as quickly as possible," he then says, "By careful reckoning, of course, the
quantity of blood forced up beyond the valve by a single compression may
be estimated, and this multiplied by a thousand gives so much blood trans-
mitted in this way through a single portion of the veins in a relatively short
time, that without doubt you will be very easily convinced by the quickness
of its passage of the circulation of the blood." But once again he does not
make the estimate or the computation, and uses the quantitative argument
only by inference, which is hardly what is understood by the phrase
"quantitative biology."
These instances of quantitation are the only known examples of Harvey's
methods that involve weights. There may have been others in his manu-
scripts that Civil War rioters destroyed when they ransacked his London
house in 1642, or in the eleven now unknown "treatises" to which Charles
Goodall1' referred in 1684 as though they were in existence at that time.
Despite these possibilities, there is no evidence of quantitative work by
Harvey, other than the above examples, that had any influence on
subsequent biologists.
The reason why Harvey was not more precise in his measurements was
that he did not have to be to demonstrate his great discovery. Using his
lowest estimates for stroke volume and pulse rate which for two or more
beats give a cardiac output only 1/36 that of the lowest figure accepted
today, Harvey could have shown that in ten hours the heart would eject an
amount of blood weighing more than the average man. If Harvey had been
trained to use instruments of precision to control quantitative methods, he
probably would have used an accurate pulse rate, but otherwise it is likely
that his calculations would have been the same. Today's more accurate
measurements of cardiac output do not change Harvey's conclusion that the
blood circulates.
The origin of Harvey's quantitative attitude is unknown; it is quite likely
that he adopted the well-known techniques of measuring with weights and
balances as a result of his own reasoning. Men had been using weights as a
form of measure for at least 4,500 years, and one branch of medicine, phar-
macy, had been compounding remedies by using weights for centuries.
Apparently, quantitative evidence was not important in leading Harvey to
develop the idea of the circulation because there is no quantitation in his
Lumleian Lecture notes of 1616. Scientists and physicians were just begin-
ning to adopt quantitative methods in investigation, although, as Cyril
' Goodall, Charles: The Royal College of Physicians of London. London, M.
Flesher, 1684. Signature Sslb-Ss2a.
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Stanley Smith' has pointed out in the case of assayers, some types of six-
teenth century technologists were thoroughly quantitative in their outlook.
Galileo was teaching at the University of Padua during the years that
Harvey was a student, and it seems almost impossible that Harvey could
have completely avoided acquaintance with Galileo's principles of measure-
ment. The Universita Artista, that section in which Galileo taught and
which contained the medical school, probably had not more than one or two
hundred students enrolled during Harvey's student years. There were
fewer than one hundred enrolled in the 1630's, the earliest period for
which enrollment records exist. In such a small student body, Harvey
surely must have known something of Galileo's work, but there is no direct
evidence that he did.
Under Galileo's influence, Santorio Santorio (1561-1636) was the first
to make extensive use of precision instruments to control observations in
biology and medicine. He described his pulsologium for measuring the pulse
rate in 1620 and a thermometer for measuring body temperature in 1612.'
Santorio published his celebrated measurements of the insensible perspira-
tion by the use of balances in 1614.' Reprinted nearly forty times in the
original Latin and in translations during the next one hundred and fifty
years, Santorio's De Statica Medicina played a much larger role than
Harvey's De Motu Cordis in stimulating the use of the balance in biology.
It is interesting to note that a repetition of Santorio's work was the only
quantitative physiology using the balance that was done in the British
colonies of America and published in the Philosophical Transactions of the
Royal Society.' That the Scientific Revolution should have occurred when
it did has not been explained, and unfortunately the history of the inter-
relationships among the technologies, the arts, and the sciences during the
latter part of the sixteenth century has not yet been written so that general
influences which may have inspired Harvey to use quantitative arguments
cannot yet be evaluated. Nevertheless, at Padua quantitation must certainly
have been under discussion while Harvey was there, and like experimenta-
tion, it was at least in the Paduan air.
' Ercker, Lazarus: Treatise on ores and assaying. Translated . . . by A. G. Sisco
and C. S. Smith. Chicago, University of Chicago Press, 1951. pp. xv-xvi.
" Saibante, M., Vivarini, C., and Voghera, G.: Gli studenti dell'Universita di Padova
della fine del 500 ai nostri giorni (studio statistico). Metron, 1924-25, 4, 177.
21 Castiglioni, Arturo: Life and work of Sanctorius. Medical Life, 1938, 38, 753-756.
" Santorio, Santorio: De statica medicina. Lipsiae, G. Ritssch, 1614. Passim.
' Lining, John: Extracts of two letters . . . giving an account of statical experiments
Philos. Tr. R. Soc. Lond., 1742-43, 42, 491; also A letter serving to accompany
some additions to his statical experiments. Ibid., 1744-45, 43, 318.
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In addition to the work of Harvey and Santorio, the best known and
most important quantitative research in biology in the seventeenth century
was that of Jean Baptiste van Helmont (1577-1644),2' Richard Lower
(1631-91) ,2 and Giovanni Alphonso Borelli (1608-79).' There is every
reason to believe that Harvey had no influence on van Helmont's celebrated
experiment of weighing a growing tree and the earth in which it was
planted,' but Harvey's work most certainly had some effect on Lower's
experiments. Lower's most important contribution to quantitative investi-
gation of the circulation was the use of the total weight of the blood in the
left ventricle as being the amount ejected during systole, instead of some
fraction thereof as Harvey had assumed. However, Lower did not arrive
at this conclusion by using quantitative methods. Rather he observed that
when he cut off the tip of a living heart and inserted his little finger, the
ventricle closed so completely during systole that he could not squeeze the
walls of a heart more tightly together on the finger.' From this observation,
he concluded that the entire contents of the left ventricle were ejected with
each contraction, but he made no measurements of the stroke volume. He
did, however, weigh the contents of left hearts removed from cadavets and
found they often held much more than two ounces of blood. Nevertheless,
in his calculations he used Harvey's measure of two ounces. Lower's method
of quantitation was no advance over Harvey's.
Borelli used three ounces as the stroke volume in his remarkable analyses
of the dynamics of the circulation,' but it is not clear as to just how he
arrived at this figure. Much of Borelli's book consists of excellent quantita-
tive experiments in which he consistantly used the balance and occasionally
the thermometer. He not only used precision instruments for control, but
also did many geometrical analyses, even of the heart, which are totally
lacking in Harvey. Borelli's work, of course, is completely within the
Galilean tradition, and it is most unlikely that Harvey's less sophisticated
methods had any important effect on him.
It seems clear from the above analysis that Harvey's elementary quantita-
tion, although adequate for his purposes and influential on a few biological
investigators of the seventeenth century, had less effect than is often repre-
sented. His concept of the circulation stands by itself as his greatest
achievement.
24Helmont, Jean Baptiste van: Ortus medicinae. Amsterdam, Elzevir, 1648.
'Lower, Richard: Tractatus de corde. London, J. Redmayne, 1669.
'Borelli, Giovanni Alfonso: De motu animalium. Rome, A. Bernabo, 1680-81. 2v.
' Helmont: Op. cit. (note 24), p. 109.
'Lower: Op. cit. (note 25), p. 154.
" Borelli: Op. cit. (note 26), v. 2, p. 99.
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